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FOREWORD

This work was performed by IIT Research Institute,
Chicago, Illinois, under AMMRC Contract No. DA-19-066-AMC-321(X)
entitled, 'Analysis and Review of Mechanical Testing Procedures
for Brittle Materials.'" This contract has been administered by
the Army Materials and Mechanics Research Center, Watertown,
Massachusetts, with Samuel J. Acquaviva as Project Engineer.

- This report covers the period from 16 March 1967 to
15 February 1968.

Work on this contract has been under the direction of
S. A. Bortz, Senior Research Engineer, Ceramics Research Division,
IITRI. Personnel active in this program were: T, B. Wade,
Assistant Engineer, K, T. Burton, Associate Engineer, E., Mazanek
and C. Levesque, Technicians.
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ANALYSIS AND REVIEW
OF MECHANICAL TESTING PROCEDURES
FOR BRITTLE MATERIALS

Lo INTRODUCTION

During the first year of this investigation emphasis
was placed on studying test procedures for evaluating elastic
properties including tensile, compressive, flexural and torsional
strength of brittle materials. These procedures were limited to
methods of loading that produce essentially simple uniaxial stress
distributions. However, for designers to make the fullest pos-
sible use of brittle materials, a more complete knowledge of
their properties and an understanding of their failure mechanisms
must be available. To predict the behavior of a brittle material
under service conditions the designer must know how the material
will react under complex stress states. This knowledge can only
be obtained from tests developed specifically to study these
properties.

Materials used in engineering applications are often
loaded in ways that produce complex stress distributions. These
include multiaxial stress states, impact, fatigue, and energy of
crack propagation. The effect of these phenomena on the behavior
of brittle materials is interesting, unexpected, and can be un-
desirable.

This report includes a discussion of material behavior,
test techniques and analytical methods, correlation of laboratory
tests and recommended procedures as well as tabular and graphi-
cal presentation of test data.



II. THE NATURE AND PROPERTIES
OF MATERIALS

The deformation of materials can be considered on at
least three levels of the division of matter. At the atomic and
molecular levels, strength is associated with the individual
elemental forms of matter held together by electronic forces, but
these forces are reduced because of defects and imperfections in
the lattice structure. At the macroscopic or phenomenological
level, which is the level of practical interest to the design
engineer, the material structure is held together by a combination
of forces created by defects and the electronic forces. Theo-
retically, the strength of a material should be reflected by the
forces at the atomic level. However, because of the defects in
the structure, the useful strength of materials is several orders
of magnitude less than that predicted by theoretical analysis.
Hence, the fracture strength of brittle materials can best be
established through a study of the energy for crack initiation
and propagation, static and dynamic fatigue, and a knowledge of
fracture toughness which can be accomplished through impact test-
ing and the effect of biaxial stresses. Only when the boundary
conditions under which fracture takes place are known, is it
possible to consider procedures for testing and designing against
its occurrence.

A. Mechanics of Fracture

One of the principal aims of theories on the behavior
of materials is to relate the observable effect of the imposed
conditions to the response of the material on a molecular or
atomic level or, conversely, to predict the microscopic material
properties from the known structure. In the case of ultimate
mechanical strength, it would appear that this property should be
related to the cohesive forces acting between the elemental parti-
cles and their arrangement in the body. The fracture of the mate-
rial under stress involves the rupture of those bonds which in-
tersect the plane defined by the growing fracture surfaces.

Cleavage fractures occur when a cleavage crack spreads
through a solid under a tensile component of the externally
applied stress. The material fractures because the concentrated
tensile stresses at the crack tip are able to break atomic bonds.
Under uniaxial tensile loading the crack tends to propagate per-
pendicular to the tensile axis. When viewed in profile, cleavage
fractures appear 'flat' or 'square'. Since most structural mate-
rials are polycrystalline the orientation of the cleavage plane
in each grain of the material is usually not perpendicular to the
applied stress so that on a microscopic scale, the fractures are
not completely flat over distances larger than the grain size.

In brittle materials cleavage fractures can propagate continuously
from one grain to the next (Figure 1).



(a) Continuous Cleavage, (¢c) Shear or
all grains cleave, C Shear Rupture
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Figure 1. FRACTURE VIEWED AT MICROSCOPIC LEVEL
IN TERMS OF PASSAGE OF VARIOUS TYPES OF CRACKS



Shear fracture, which occurs by the shearing of atomic
bonds, is actually a process of extremely localized (inhomogeneous)
plastic deformation. 1In crystalline solids, plastic deformation
tends to be confined to crystallographic planes of atoms which
have a low resistance to shear, shear planes. Shear fracture in
a pure single crystal occurs when two halves of the crystal slip
apart on the crystallographic glide plane that has the largest
amount of shear stress resolved across it. When shear occurs on
only one set of parallel planes, a slant fracture is formed; when
it takes place in two directions a chisel point fracture occurs.

In polycrystalline materials the advancing shear crack tends to
follow the path of maximum resolved shear stress. This path is
determined by both the applied stress system and the internal
plane of weakest resistance due to stress concentrators such as
voids and inclusions. Crack growth takes place by the formation
of voids and their subsequent coalescence by local plastic strains.
The macroscopic fracture path is perpendicular to the tensile

axis. On a microscopic scale the fracture is quite jagged, since
the crack advances by void coalescence on alternating planes in-
clined at 30° to 45° to the tensile axis.

Under certain conditions the boundary between grains is
weaker than the fracture planes within the grains themselves.
In this case fracture then occurs intergranularly by one of the
aforementioned processes, rather than through the grains; a
phenomena which is termed transgranular fracture.

Fracture takes place by that mode which requires the
least amount of local strain at the tip of the advancing crack.
At an atomistic level the fracture strength of a material will
depend on the strength of its atomic bonds. To estimate this
bond strength, let a, be the equilibrium spacing between atomic
planes in the absence of applied stress. The stress (¢) required
to separate the planes to a distance a > a, increases until the
theoretical strength o, is reached (Figure 2) and the bonds are
broken. Further displacement of the atoms can then occur under a
reduced applied stress. This stress-displacement curve can be
approximated by a sine curve having a wavelength (1);
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where x (a - ag) is the displacement from equilibrium. For
small displacements the small angle approximation (sin x = x)
holds; so,
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Figure 2. TENSILE STRESS REQUIRED TO SEPARATE
ATOMIC PLANES TO A DISTANCE a>a,; a, IS
EQUILIBRIUM SEPARATION AT ¢=0.

FRACTURE OCCURS WHEN o=g,.

Void Direction
—— of Sliding

Grain Boundary

™ Particle

Figure 3. NUCLEATION OF A VOID AT A PARTICLE
BY GRAIN BOUNDARY SLIDING



Assuming that these small displacements also obey Hooke's law,

_ . _ Ex

0 = Ee = — (3)
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v Eg

O = a (4)

where E and -« are material elastic modulus and material strain,
respectively.

For purposes of describing the energy relations during
fracture a quantity called true surface energy (yg) can be defined
as the work done in creating a new surface area by the breaking
of atomic bonds. From Figure 2 this is simply one-half the area
under the stress displacement curve since two new surfaces are
created each time a bond is broken;
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;‘ 17
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If a tensile stress is applied perpendicular to an elliptical
void of length 2¢ and height 2h (2¢ >> 2h) the maximum tensile
stress, o(max) occurs at the end of the crack and can be expressed

by;
g(max) _ (1 + %?)

This stress can be expressed in terms of radius of curvature (p)
at the end of the crack and the nominal stress (¢). For an
ellipse;

p = hz/C

G(max) =g (1 + 2 J§5

26 < (6)
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A necessary condition for the propagation of an elastic crack is
that the maximum tensile stress level at its tip reach the theo-
retical cohesive stress (o¢):
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This relation only applies for completely brittle and elastic

solids.

Griffith(l) on the basis of thermodynamic considerations
derived an equation of similar form;

[2Ey

g = \j TC (8)
Comparing Eq. 8 with Eq. 7 indicates that = 3ap is a lower limit
of the effective radius of an elastic crack. Cottrell(2) has

shown that irrespective of a crack sharpness, some surface energy
must be created at the tip of the crack so that o cannot approach
zero as p approaches zero. Thus when p < 3ay, the stress for
unstable crack propagation is given by Eq. 8 and when o > 3ag

Eq. 7 is used. Both equations must be satisfied if unstable
fracture is to occur and local conditions permit the breaking of
atomic bonds, thereby reducing the overall free energy of the
system. This point is important when plastic deformation accom-
panies cleavage crack propagation.

The Irwin(3) analysis of fracture proposes that crack.
propagation occurs at ¢ when a parameter defined as the crack
extension force,

G = K%/E (9)

is equal to a critical value, G., the critical strain energy re-
lease rate for unstable crack extension which may be related to
fracture toughness. The term G is the material shear modulus and
K is called the fracture toughness. For the elastic crack in an
infinitely wide plate;

S _uc
E Gc
_ EG
N (10)



A comparison of Eq. 10 and Eq. 8 indicates that,

G = ZYs

so that the two approaches provide the same result.

This discussion has provided the background for the
need of appropriate tests to provide a reliable measure of surface
energy and how it can help solve specific questions with regard
to fracture propagation and fracture toughness of brittle materials.

B. Resistance to Fracture

Fracturing can be preceded by a large, small, or even
negligible amount of permanent deformation. As long as it is
certain that a structural member will distort excessively before
breaking, there may be no concern with its fracturing character-
istics because failure in service will be by yielding. If, on
the other hand, the structure breaks after a slight amount of
deformation, fracture behavior becomes all important. Since
brittle materials usually fall into this latter group, tests
which measure fracture resistance are of prime concern to users
of brittle materials. Some materials may be classed as ductile
under some conditions and brittle in others. The property of
particular interest in these materials is toughness. This term
may be defined as the amount of energy that is irreversibly
absorbed in the process of fracture.

Such a property has little meaning for brittle materials
at or near room tempevature, but may be of significance in under-
standing the transition properties of ceramic materials at high
temperatures, since toughness of a material is considered as its
ability to absorb energy during plastic deformation. In static
tensile tests this energy is represented by the area under the
tensile test diagram. Brittle materials at ambient temperatures
have low toughness since they display little plastic deformation
before fracture.

The same material at elevated temperatures may behave
as a brittle or a plastic material depending on external condi-
tions. A tensile test of a single crystal of rock salt results
in a brittle fracture along one of the principal crystallographic
planes if tested at room temperature. The same specimen, if
tested in hot water, deforms plastically by sliding along octa-
hedral plancg. Similar deformation may occur at higher tempera-
tures for other ceramics.

The fundamental ideas regarding the critical temperature
at which the transition from brittle to plastic fracture occurs
were enlarged by Davidenkov, (4) and applied to crystalline mate-
rials. He was able to predict the influence of various factors



on the value of the critical temperature and show that the predic-
tions were in satisfactory agreement with the experimental facts.

For determining the critical temperature, impact tests
were used. Since in the case of brittle fracture the work required
to produce failure is many times smaller than that required for
plastic fracture, the tests showed a sharp change in the amount
of energy absorbed at the critical temperature. Determination
of the critical temperature is important if the material is to
operate in this environment. This is not normally considered
for brittle ceramics; however, for some applications the structure
will be operating mostly in this range. Then it is only necessary
to employ brittle fracture concepts to design the structure so
that it will be strong enough to reach operating temperature.
Normal ductile considerations can then be used to design for opera-
tion beyond the critical temperature range.

Impact tests are generally performed by rapidly loading
either a cantilever or a simply supported beam specimen. However,
for brittle materials where energy and adsorption is small, it is
likely to be overshadowed by the kinetic energy imparted to the
specimen and component parts of the testing machine. One method
of overcoming this fault is to use a dropping weight method in
which a freely falling body is released from a measured height so
that it strikes a specimen with a known velocity and energy.
Systems of both types require analysis so that designers may make
knowledgable use of this information.

There are three fundamental difficulties that arise in
connection with the impact energy values obtained from all groups
of materials:

1. The impact value does not readily fit into the scheme
of materials testing in which conclusions are drawn from
stress-strain curves rather than the area under the
curve. Normal material testing differentiates clearly
between elastic and plastic deformation whereas the
energy measured in an impact test produces both elastic
and plastic deformation.

2. The "toughness'" of a material is often taken as a fixed
mechanical characteristic of a material.

3. There is no generally accepted definition of toughness.

C. Fracture Under Static Loading

In dealing with the fracture mechanism of brittle mate-
rials, the assumption is always made that they contain flaws that
serve as stress concentrators. When a load is maintained on a
brittle material certain near critical flaws can grow relatively
slow and stable until they reach the size of Griffith cracks and



then fracture occurs catastrophically. This time dependent frac-
turing is termed ''delayed fracture' or ''static fatigue,'" and is
usually associated with intergranular fracture.

There are two types of voids which can form and grow
under static loading conditions; 1) the type found to occur at
grain boundary junctions (triple point); and 2) the type found
to occur along grain boundaries and can be associated with preci-
pitated impurity particles and vacancy condensation at the grain
boundaries under stress. In order for the first type or wedge-type
crack to be nucleated, it is necessary that the local stress level
exceed the cohesive stress. This is generally caused by grain
boundary sliding. This phenomena can be reduced by precipitation
of hard particles at the grain boundary to reduce sliding. The
effect of grain size on void formation is not straightforward.
Grain boundary sliding appears to be greater for small particle
sizes than large so that void formation should be greater for the
small particle materials. For brittle materials at low tempera-
tures wedge-type cracks probably grow and cause failure by a
Griffith type fracture mechanism.

As in the case of wedge-type fractures, grain boundary
sliding is a pre-requisite for the second type of static fatigue
or cavitation fracture. Most evidence indicates that an impurity
phase at the grain boundary is required in the nucleation process
(Figure 3). The ease with which a cavity can be nucleated by a
sliding process will depend on the binding of the particle to the
matrix. As with wedge-type cavities, the void nucleation process
becomes easier as the degree of wetting between the impurity and
grain decreases. For the void to grow simply by vacancy condensa-
tion, the work done must exceed the increase in surface energy
caused by the removal from a void of radius r and surface energy
vs. The condition for void growth is:

T 2 -—-——- (]-]‘)

For values of ¢ less than the critical value, the void will disap-
pear by sintering at high temperatur-. For values of ~ in excess
of the critical, the void will grow in size. Growth by this
mechanism is interesting in that the Griffith criterion need not
be satisfied.(5) The critical importance of this mechanism of
cavity growth lies in the fact that if small cavities exist on
transverse boundaries, a statically loaded specimen will fail at
high temperatures at stress levels below the creep strength of

the grains.

In addition to the vacancy flux made of void growth,
grain boundary voids can also grow by a continuation of the void
nucleation process of grain boundary sliding. Recent studies(6)
of rupture under static loading have shown that although reversing
from tensile to compressive stress during a test causes voids to
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disappear, compression applied orthogonally to the direction of
original tension causes them to grow. This observation is consis-
tent only with a grain boundary sliding mechanism of void growth.

D. Fracture Under Cyclic Loading

Fatigue life is not a material property like elastic
modulus, which, under normal conditions is a material constant.
The endurance limit of a material is influenced by the test used
and numerous other variables. Therefore, for anv particular mate-
rial and condition, it is neccessary to examine fatigue data with
respect to end-use conditiors,

There is reason to believe that the existence of cyclic
fatigue is a realistic possibility for brittle materials since
under cyclic stresses, dislocations move irreversibly, and their
multiplication leads to slip band formation and growth resulting
in the nucleation and propagation of cracks. This mechanism has
indeed been observed in single-crystal magnesia;(7) the experi-
mental results are shown in Figure 4. The slope of the S-N
diagram is small, and the loss in strength up to 104 cycles is
not more than 15%. This mechanism can be expected to operate in
multicrystalline bodies of refractory materials as well.

This phenomenon has also been verified recently by work
on graphite(8) at IITRI. This work was performed as a part of a
proof-test experiment. Generally, for brittle materials, fatigue
testing is synonymous with proof testing of a material. These
tests establish safe repeated load levels and the reaction of a
material to long term loadings.

It is recognized that fatigue occurs as the result of
plastic deformation both in the initiation and propagation of
cracks. Up to the terminal fracture, fatigue is a form of ductile
(stable) rupture, although often of an extremely localized nature.
While fatigue cracks can be initiated in a number of ways, they
usually are nucleated at a free surface. Crack initiation in a
brittle material can occur in the grain boundaries at a triple
point, or at slip bands created during cyclic loading. Each of
these effects can lead to the localization of plastic strain by
the creation of these discontinuities. In materials whose slip
systems are such that cross slip does not occur easily, these
surface eflfects are not developed. The resistance to cyclic
stressing of materials that cannot form these surface stress
raisers 1s quite high.

After a crack is initiated at a surface slip band in a
single crystal it will continue to advance into the material along
the primary slip planes involved in the creation of the slip band"
before turning into a plane macroscopically at right angles to
the principal tensile stress. Crack growth before the transition
is called Stage 1 growth, while that after the transition is

-11-
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referred to as Stage II growth. The transition is governed by
the magnitude of the tensile stress, and the lower the magnitude
of this stress, the larger the extent of first stage growth. For
this reason Stage I growth is favored in torsion testing, for the
tensile component orthogonal to the Stage I crack is low. If

the tensile stresses are high enough, Stage I may not occur at
all, as in sharply notched specimens; in brittle materials growth
occurs entirely in the second mode.

In polycrystalline materials Stage I growth usually
terminates when the slip band crack encounters a grain boundary.
If the stress amplitude is high enough to nucleate a Stage I crack
in a large-grained material, that stress should also be sufficient
to cause the crack to propagate through the adjacent grains. In
fine-grained materials, cracks may be initiated at a stress that
is insufficient for propagation into the adjacent grains. In
the one case the failure is due to nucleation of a crack while in
the other propagation is the important factor.

Stage II growth can be investigated under conditions of
high strain amplitude. As a consequence, the plastic (if any)
deformation taking place at the tip of a crack can be observed.

One of the important characteristics is that the crack advances

a finite increment in each loading cycle. At the start of a load-
ing cycle the crack is sharp, but during extension, as the crack
advances, it simultaneously becomes blunter and any plastic zones
at the tip expand. It is during the loading stage that a new frac-
ture surface is created. During the unloading portion of the cycle
the sharp tip of the crack is re-established. The repetition of
this blunting and resharpening process is the basic aspect of

Stage II growth. This process continues until the crack becomes
long enough to trigger final instability of the crack propagation.
In brittle materials the instability criterion is that critical
displacement (2c¢) at which point the crack runs unstably (the
Griffith criteria in the elastic range). The two factors that

are important in determining the rate of crack growth are the
applied stress or strain amplitude and the length of the crack
itself, for they determine the stress intensity factor K.

E. Combined Stresses

The mechanical properties of structural materials are
normally determined by tests which subject the specimen to compara-
tively simple stress conditions. Information concerning the
strength of most materials is related to tension or compression,
or in some cases, shear. However, the strength of materials under
more complicated stress conditions is generally the condition to
be met in practice. Data and theories for the behavior of brittle
materials, subjected to polyaxial stress states, are important
both to the materials scientist and the structural designer. As a
matter of fact, it is almost impossible to conceive of an

-13-



operational structure in which a simple state of stress can be
postulated, much less observed in practice.

In order to determine suitable allowable stresses for
complicated stress conditions which occur in practical design,
various strength theories have been developed. The purpose of
these theories is to predict when failure will occur under com-
bined stresses, assuming that the behavior in a simple tension
or compression test is known. The general failure theories, maxi-
mum stress, maximum strain, maximum shear, and maximum energy
theories, are well documented(9) and will not be discussed in
detail. The theory most applicable to brittle materials is the
maximum stress law. Salmassy(l0) has applied a modified Weibull
theory for biaxial stresses and the theoretical curves are shown
in Figure 5. The theories predict that tensile strength increases
as the compression stress in the normal direction increases;
furthermore, the biaxial tensile strength is lower than the uni-
axial tensile strength. However, investigators have not provided
sufficient experimental results to establish these theories.
Griffith has also developed a theory which may apply to brittle
materials. The Griffith theory for biaxial stresses follows from
the simple Griffith theory for uniaxial stresses. A comparison
of the Weibull and Griffith theories and some measured data are
shown in Figure 6.

-14-
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I1I. TEST TECHNIQUES

The previcus sections provide a general analysis of the
fracture behavior to be expected from brittle materials. The
following sections will provide a detailed description and analy-
sis of the test procedures used in studying the fracture behavior
and how these various procedures may be inter-related.

A. Impact Tests

" Impact testing is the basis for studying the toughness
of materials, that is, the ability of the material to absorb
energy during plastic deformation. Brittle materials have low
toughness and exhibit only very small plastic deformation before
fracture occurs. Failure of such materials takes place suddenly
and without forewarning, making their use in structures dangerous
unless reliable knowledge of their impact strength is available.

A freely falling body, or a moving load, which strikes
a structure delivers an impact, or dynamic load. Problems involv-
ing this type of load can be analyzed rather simply on the basis
of the following idealized assumptions:

1. Materials behave elastically with no dissipation of
energy taking place at the point of impact or at the
supports due to local inelastic deformation of the
material.

2. The inertia of the system resisting impact can be
neglected.

3. The deflection of the system is directly proportional
to the applied force whether applied statically or dy-
namically.

If the principle of conservation of energy is applied,
it may also be assumed that at the instant a moving body is stopped,
its kinetic energy is transformed entirely into the internal strain
energy of the resisting system or fracture of the specimen occurs.

Referring to Figure 7 consider the weight, W, as a
freely falling mass striking an elastic system. The static deflec-
tion of the spring due to the weight, W, is:

= W/k (12)

where k = spring constant, 1lb/in.
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Similarly, the maximum dynamic deflection is given by:

Brax = Pagn’/k (13)

where den = maximum dynamic force exerted on the spring.

Solving for Pdyp in terms of the weight, W, and the
spring deflection gives:

A
©_ max
Pagn = Taegr ¥ (14)

At the instant the spring deflects its maximum amount,
all of the energy of the falling weight is transformed into the
energy of the spring. By equating the external work to the in-
ternal strain energy, it is seen that:

Wh + &

- 1 o
max) = =P B (15)

dyn “max

By substituting for den in Eq. 14, we have:

('.\‘max)2
max Pstat
or,
(3 - 24 A -2nA__, =0
“max stat max stat

from which:

— 2h
Bpax ~ '/‘\"stat(1 f’Astat) (17)

Again using Eq. 14 it can be shown that:

. 2h
P = W(l + |1 + = ) (18)
o J “stat

To applyv Eqs. 17 or 18, the static deflection, Agtat,
caused by the gradually applied load, W, can be obtained using any
known method. The terms in parentheses of Eqs. 17 and 18 repre-

sent the magnification effects of a static force applied dynamically

to a system and are called the "impact factor."
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Three types of impact tests were conducted in this phase
of the program, Izod, Charpy, and Drop Weight.

When a dynamically applied load strikes a test specimen,
local damage to the material at the point of impact leads to con-
centrated stresses which may exceed the nominal stress. The local
damage occurs in the form of an indentation and its effect will
depend on the notch sensitivity of the material. If the specimen
is pre-notched and the dynamic load is applied through the notched
cross section, then the notch effect of the striking edge of the
applied load is superimposed on the maximum bending stress.

Materials that exhibit plastic deformation are able to
reduce the effects of stress concentrations, but brittle materials
are unable to do so and the stress concentrations lead to cracks
which develop over the whole cross section. In addition, the force
of impact and hence the notch effect depend on the section modulus
of the specimen. Spath,(1ll) has shown that, for these reasons,
brittle materials exhibit no clear-cut relationship between
breaking load and section modulus, so that impact bending stresses
cannot be calculated.

However, if the energy absorbed during impact for an

un-notched specimen is compared with that absorbed by a pre-notched
specimen, then the notch sensitivity ratio can be expressed by:

K
~ — u
NSR = T (19)

where Ky = impact energy of un-notched specimen
Kn impact energy of pre-notched specimen

Tetelman and McEvily(lz) have shown that the NSR is
influenced by the flank angle (angle between faces) of a preformed
notch, the greater the angle, the lower the NSR. Mild steel
specimens with a flank angle of zero (parallel faces) had a notch
concentration factor of 2.57, while for a 45° angle notch the
factor was 2.18. Brittle materials, would be expected to have
greater notch sensitivity factors than these.

1. Izod Impact Test

The Tzod impact test measures the energy required to
break a vertical cantilever beam specimen. The principle involves
striking the specimen with a hammer mounted on the end of a pendulum
as shown in Figure 8. The position of the pendulum at the begin-
ning of the swing, together with the weight of the hammer is a
measure of the kinetic energy at the point of impact on the speci-
men. After striking the specimen, the hammer makes contact with
an indicator which measures the amount of energy required to break
the specimens. The swing of the hammer after impact decreases as
the amount of energy required to break the specimen increases.
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Before Izod tests are made, calibration of the testing
apparatus is essential to determine the loss in kinetic energy
due to friction, aerodynamic drag and release mechanism. Cali-
bration of the machine was carried out by making 50 free swings
with a standard 50 in.-1b pendulum tester. The calibration pro-
cedure showed that the average machine losses were 0.12 in.-1b
and the mean energy value of 49.88 in.-1b had a coefficient of
variance of only 0.36%. Despite the low resolution, it was be-
lieved that machine losses would still be a significant factor
in evaluating the impact energy of Poco-Graphite, a low touzhness
brittle material.

To investigate the possible effects of machine resolution
on impact energy a lighter impact pendulum (17.19 in.-1b) having
higher resolution was designed for the Izod tests. In this way,
the impact energy of the material resulting from tests using a
light pendulum with high machine resolution could be compared
with that resulting from tests using a heavy pendulum of low
resolution. The comparison would be a measure of the significance
of machine resolution on impact energy of brittle materials.

The Izod head was calibrated, as before, by making 50
free swings of the pendulum. For this lighter head the average
energy of the testing apparatus was found to be 14.61 in.-1b with
a standard deviation of 0.47 in.-1b and a coefficient of variation
of 3.247. Machine resolution was therefore considerably higher
with the lighter pendulum than with the standard 50 in. -1b head.

Two types of specimens were used for the Izod tests.
Rectangular prisms of Poco-Graphite were cut and machined to
Y x % x 3% in. long (Figure 10). Fach specimen was carefully
measured to insure that the cross section dimensions fell within
the required permitted tolerances of x0.003 in. One group of
specimens were un-notched while the second group contained a
V-notch at midspan, 0.05 in. deep. The purpose of the notched
specimens was to investigate the effect of stress raisers on the
impact energy of the material.

The test procedure involved mounting the specimen in
the holding device and allowing the pendulum to fall. After
striking the specimen, the pendulum moved the indicator to a
position on the calibrated scale from which the impact energy
required to break the specimen was recorded. Since the major
source of variation in the data obtained from the Izod test is
related to the inherent losses in the testing apparatus, it was
anticipated that the scatter in the data obtained would be rela-
tively high.

It was determined by test that the resolution of the Izod
testing apparatus was dependent upon the kinetic energy of the
pendulum. Therefore, these tests were set up for a fixed drop of
the Izod head making them destructive tests. As such, the speci-
mens could not be used to evaluate the effects of cumulative

-29-



3;2," ___.‘%!l

(a) Un-notched Beam

3

{

A——o> 05" %

] !
45°

(b) Notched Beam

(c) Photograph of Notched Beam

Figure 10. IMPACT BEAM SPECIMENS

-23=



damage to the material resulting from repeated applications of

an impact force. 1In order to observe the phenomena of repeated
load applications, a variation in testing technique was pursued.
In this phase of the test procedure, the position of the pendulum
was lowered so that the available kinetic energy of the hammer
was less than the average measured impact energy of the material,
The pendulum was released and allowed to strike the specimen once.
If the specimen did not break, the pendulum was raised a small
increment and again allowed to fall, the process being repeated
until the specimen finally fractured. A comparison of the impact
force required to produce fracture with the impact energy from the
standard Izod tests can then be considered a measure of the cumu-
lative damage due to repeated applications of a dynamically ap-
plied load.

2. Charpy Impact Test

The Charpy impact test is similar in nature to the Izod
impact test in that it makes use of a hammer mounted in a pendu-
lum. The principal difference between the two forms of impact
testing lies in the position of the specimen when it is struck by
the hammer. 1In the Charpy test, the specimen is treated as a
simply supported beam as opposed to the vertical cantilever of
the Izod test. All of the disadvantages applicable to the Izod
test are inherent in the Charpy test since the apparatus used
(Figure 8) is the same machine but uses a different type of head
for striking the specimen.

As with the Izod test procedure, calibration of the
apparatus prior to testing the specimen is necessary to evaluate
energy losses due to machine components and aerodynamic drag.

The Charpy head for the standard 50 in.-1b pendulum tester is
almost the same weight as that of the Izod 50 in.-1b pendulum.

It was shown previously that the resolution of the large Izod
pendulum was too low for accurate appraisal of the impact energy
of Poco-Graphite and on this basis, the 50 in.-1b Charpy pendulum
tests were omitted and only the lighter, 18.32 in.-1b pendulum
tester was used in the Charpy impact tests. Fifty free swings of
the 18.32 in.-1b Charpy head gave an average energy value of
17.23 in.-1b with a standard deviation of only 0.22 in.-1lb and a
coefficient of 1.29%. Machine losses for the Charpy pendulum
were 1.10 in.-1b compared to 2.58 in.-1b for the 17.19 in.-1b
Izod pendulum. Machine resolution for the Charpy pendulum was
considerably less than for the Izod pendulum, a factor which was
anticipated would be reflected in the test results.

Specimens used in the Charpy tests were identical to
those used in the Izod tests, and were machined to the same close
tolerances. Notched specimens were again used for evaluating the
effects of stress raisers on the impact energy of the material.

In the Charpy notched impact test, the pendulum head strikes the
specimen directly behind the tip of the notch, whereas in the Izod



test, the specimen is struck at a point slightly away from the
notch. It is therefore to be expected that the results from the
notched impact tests will be influenced by -the relationship be-
tween the location of the applied force and the point of the
notch tip.

Each specimen in the Charpy test procedure is fractured
by one swing of the pendulum and again, as with the Izod technique,
cumulative damage due to repeated applications of load cannot be
evaluated. The technique used to evaluate the effects of cumula-
tive damage to the specimen in the Izod tests were duplicated for
these Charpy tests.

3. Drop Weight Test

The drop weight testing technique is relatively new. 1In
essence it is a Charpy type test without the disadvantages of
the Charpy test apparatus. As shown in Figure 9, the apparatus
consists of a frame which supports an electromagnet. Centered
directly under the electromagnet are the supports for a simple
beam specimen % x % x 3% in. long (Figure 10).

As with the Izod and Charpy techniques, drop weight
testing procedure involves releasing a known weight from any given
height onto the specimen. Because the equipment for drop weight
testing contains no components which create machine losses, no
calibration procedure is necessary. The position of the electro-
magnet can be set at various heights in the frame to establish the
upper and lower limits of failure probability for a sample popula-
tion of the total number of specimens. 1In this way, a probability
of failure curve ranging from 0 to 1007% can be drawn.

With the exception of that portion of the curve repre-
senting 1007% failure of the sample population, specimens not fail-
ing at other energy levels can be subjected to repeated applica-
tions of impact load to evaluate cumulative damage to the material.

From the preceding description of the impact test tech-
niques followed in this phase of the program, it can be seen that
the drop weight method has three distinct advantages over the Izod
and Charpy techniques.

First, the apparatus used in drop weight testing is effec-
tive yet simple in construction. There are no mechanical parts to
contribute to machine losses and hence the calibration procedure
necessary for the Izod and Charpy techniques is entirely eliminated.
One simple operation of raising or lowering the height of the
electromagnet is all that is required to proceed with the actual
testing of the specimen.

Second, because of the nature of the testing procedure
adopted, the drop weight method is better suited to a ''probability
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of failure" type of analysis. The Charpy and Izod tests, conducted
in this program for a fixed position of the weighted pendulum

lends itself to an ''analysis of variance' statistical approach.

It is believed that, because of the unpredictable nature of brittle
materials with all of the complexities associated with their be-
havior, the ''probability of failure'" approach is a more acceptable
method to evaluate strength properties.

Third, the theoretical analysis reviewed at the begin-
ning of this section can be applied directly and without modifi-
cation to the drop weight test technique. Certain factors related
to machine losses and aerodynamic drag would have to be introduced
in this mathematical procedure before it could be used in connec-
tion with the Izod and Charpy tests.

B. Fatigue Tests

Fatigue strength is the term used to describe the ability
of a material to withstand sustained loads over long periods of
time or to stand up under the action of repeated applications of
loads producing varying stresses. It is well known that under
such conditions, materials fail at stresses considerably smaller
than the ultimate strength of the material under static loading.
Generally, it can be stated that the magnitude of stress required
to produce failure decreases as:

1. The length of time over which the load is maintained
increases, or

2. The number of cycles of stress increase.
Four types of tests were conducted in this phase of the
investigation, two of them directed toward static fatigue behavior

and two to cyclic behavior.

1. Static Tensile Fatigue

In this type of test, the specimens are loaded in uniaxial
tension with dead weights producing a wide range of stress levels
maintained for periods of time ranging from 100 to 400 hr. After
the specified period of time has elapsed for any given stress level,
the loads are removed and the specimen tested to evaluate loss of
strength, if any, due to the sustained load.

The specimens used in these tests were of the shape and
size shown in Figure 11. The specimen is mounted in the test
frame (Figure 12) by an arrangement of pins and grips; a similar
arrangement being used to add the dead load to the specimen.

Only one problem is associated w%%g)this rather straight-

forward technique. In the previous report which concerned
uniaxial strength tests of Poco-Graphite the problem of alignment
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(a) Testing Frame for Sustained
Tensile Loads

(b) Specimens Before and After Test

Figure 12. DEADWEIGHT TENSILE TESTS ON POCO-GRAPHITE (AXF-5Q)
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of the specimen for producing a pure state of uniaxial tension
was discussed. These same problems are inherent in the static
tensile fatigue studies and can be remedied only by exercising
great care in the preparation of the specimens and the test set
up.

2. Static Flexural Fatigue

Static flexural fatigue tests are designed to evaluate
the effects of sustained loads<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>